In this paper, we aim to select the most appropriate Hydrogen Energy Storage (HES) method for Turkey from among the alternatives of tank, metal hydride and chemical storage, which are determined based on expert opinions and literature review. Thus, we propose a Buckley extension based fuzzy Analytical Hierarchical Process (Fuzzy-AHP) and linear normalization based fuzzy Grey Relational Analysis (Fuzzy-GRA) combined Multi Criteria Decision Making (MCDM) methodology. This combined approach can be applied to a complex decision process, which often makes sense with subjective data or vague information; and used to solve to solve HES selection problem with different defuzzification methods. The proposed approach is unique both in the HES literature and the MCDM literature.
Introduction
Turkey is in a position of having a wide range of energy sources, but it is also a country with a wide gap in its energy demands [1] . It imports more than 60% of its energy demand and this ratio has been OPEN ACCESS increasing continuously. This situation causes the country to seek new and renewable alternative energy resources. Among the alternative sources, solar, wind, biomass and hydrogen are unlimited, and among these alternatives, due to its numerous features, the best one is hydrogen energy (HE) [2] .
Alternative sources to produce hydrogen fuel in Turkey are hydraulic, solar, wind, sea-wave, geothermal and nuclear energies. From the perspective of developing countries and countries at technologically transitional stage, it seems that, in the long range, a photo-voltaic solar-hydrogen system seems to be the right choice. One of the advantages of Turkey is that it has a rather long Black Sea coastline for preserving stored HE in chemical form in the seabed [3] .
It is rather important to note that the United Nations Industrial Development Organizations-International Centre for Hydrogen Energy Technologies (UNIDO-ICHET) was established in Istanbul and this provides the country with considerable opportunities. Turkey has a chance to follow all the technological progress and it could also provide the county an opportunity to export its know-how and transfer technology on the subject. With the help of the UNIDO-ICHET, Turkey could be one of the centre in the world to produce the hydrogen related technologies and products [4] .
It is important not to miss the fact that as the national petroleum production does not meet the needs of the country's consumption, a remarkable amount of the nation's petroleum consumption is imported, causing an increasing detrimental gap in the nation's economic development. At that stage, among the alternative fuels, hydrogen has an important potential role to play. Currently, the solution of the high storage costs, which is the most difficult hurdle in HE, will be a big advantage for a county. This advantage is mainly due to hybrid hydrogen technology together with the existence of remarkable amount of the world's boron mining reservoirs in Turkey [5] .
For both fixed and portable applications, storage of hydrogen in an efficient and reliable manner is required. Hydrogen can be stored in tanks as gas or liquid in the pure form, physically in the form of nanotubes or chemically as a hydride.
In this paper, based on expert opinions and literature review we aim to determined the most appropriate HES method for Turkey among the alternatives of tank, metal hydride and chemical storage. Thus, we propose a Buckley extension based Fuzzy-AHP and linear normalization based Fuzzy-GRA combined MCDM methodology. This combined approach can be applied to complex decision processes, which often make sense with subjective data or vague information; and used to solve Fuzzy-MCDM problems with different defuzzification methods. In this study, we prefer Buckley's Fuzzy-AHP method. The main advantage of the Fuzzy-AHP method is that it handles multiple criteria with relative ease [6] . Due to the difficulty of providing deterministic preferences for decision makers, perception-based judgment intervals can be used instead. Furthermore It is easier to understand and can effectively handle both qualitative and quantitative data. The use of Fuzzy-AHP reflects human thinking style and does not involve cumbersome mathematics. The proposed approach is unique both in the HES literature and the MCDM literature.
We organize our paper as follows: first, we present a literature review on the use of Fuzzy-AHP and Fuzzy-GRA techniques in the energy field, and especially HE. Then, we define the computational details of Buckley extension based Fuzzy-AHP and linear normalization based Fuzzy-GRA methods. Finally, we realize a numerical application for Turkey, and show the applicability of our methodology with the discussions and conclusions.
Literature Review
In this section, we review separately the Fuzzy-MCDM and Fuzzy-GRA literature in the energy field. The main aim here is to mention the gaps in the energy literature based on Fuzzy-MCDM usage and point out the necessity and contributions of the proposed methodology.
Fuzzy-MCDM Literature
There is a wide range usage of Fuzzy-MCDM methods in the literature. Here, the usage of Fuzzy-MCDM methods in energy sector is reviewed. Tzeng et al. [7] apply AHP to determine the relative weights of evaluation criteria. TOPSIS and VIKOR are compared and applied to determine the best compromise alternative fuel buses for public transportation. Wang et al. [8] evaluate coal, petroleum, natural gas, nuclear and renewable energy resources as energy alternatives for China through use of a hierarchical decision model. Kaya and Kahraman [9] aim at determining the best renewable energy alternative for Istanbul by using an integrated VIKOR-AHP methodology. Cavallaro [10] used s Fuzzy-TOPSIS approach for assessing thermal-energy storage in concentrated solar power systems. Kahraman and Kaya [11] utilize Fuzzy-AHP to select the best energy policy for Turkey. Shen et al. [12] present an assessment model for renewable energy sources in Taiwan by using Fuzzy-AHP. A modified Fuzzy-TOPSIS methodology is proposed for the selection of the best energy technology alternative in Kaya and Kahraman's [13] paper. In their study, Erol and Kılkış [14] use an AHP method to facilitate energy resource planning activities. Jin et al. [15] propose an integrated Fuzzy-MCDM process to assess the comprehensive benefits of combined cooling, heating and power (CCHP) systems by considering technology, economy, society and environment as decision criteria. Tsita and Pilavachi [16] present a methodology to evaluate alternative fuels for the Greek road transport sector using AHP. Scott et al. [17] present a detailed review of multi-criteria decision-making methods for bioenergy systems. Daim et al. [18] present a method to evaluate energy storage technologies for investor-owned or public utilities by integrating Fuzzy-Delphi method, AHP and fuzzy consistency matrix.
There are limited number of works in the literature using Fuzzy-MCDM methods for problems related to HE and HES. McDowall and Eames [19] emphasize the HES methods' increase in R&D funding. McDowall and Eames [20] examine hydrogen economy using a multi-criteria mapping approach to decide between six potential HE systems for the UK. Lee et al. [21] analyze the potential of Korea to be competitive in development of HE technology using a Fuzzy-AHP approach. Chang et al. [22] use Fuzzy-Delphi methodology to evaluate hydrogen production technologies for Taiwan. Lee et al. [23] propose an integrated Fuzzy-AHP and Data Envelopment Analysis (DEA) approach for measuring the relative efficiency of HE technologies for implementing the hydrogen economy. Lee et al. [24] suggest a methodology to prioritize the relative weights of HE technologies and HE technology roadmap as they allocate R&D budget effectively by using a Fuzzy-AHP. Chang et al. [25] aim to develop an assessment model to evaluate hydrogen fuel cell applications by using Fuzzy-MCDM. Lee et al. [26] applied the integrated Fuzzy AHP and the data envelopment analysis (DEA) for measuring the relative efficiency of the R&D performance in the national hydrogen energy technology development performance in the national HE technology development.
Fuzzy-GRA Literature
Here the energy literature using GRA and Fuzzy-GRA methods is reviewed. GRA is a MCDM method, which is originally proposed by Deng [27] . It is applied in solving a variety of MCDM problems. Chang and Lin [28] apply GRA to analyze how energy-induced CO2 emissions from 34 industries in Taiwan are affected by production, total energy consumption, coal, oil, gas and electricity uses. Liang [29] proposes GRA to schedule hydroelectric generations. Chen [30] proposes a combined GRA and AHP method for distribution network reconfiguration. Chiang and Chang [31] present a GRA model for the optimization of the wire electric discharge machining process of particle-reinforced material. Lu et al. [32] propose GRA to evaluate the relative influence of the fuel price, the gross domestic product, number of motor vehicles and the vehicle kilometres of travel per energy increase.
Wang [33] applies Fuzzy-GRA method to evaluate financial performance of Taiwan container lines. Azzeh et al. [34] propose fuzzy set theory with GRA for software effort estimation. Tseng [35] proposes a combined GRA methodology for supplier evaluation of environmental knowledge management capacities. Lee and Lin [36] evaluate and rank energy performances of office buildings by using GRA. Wei [37, 38] uses a GRA with intuitionistic fuzzy information in which the information about attribute weights is incompletely known. Lin and Wu [39] propose a GRA application for analysing the credit risks of banking industry.
Pophali et al. [40] integrate AHP and GRA for optimal selection of full scale tannery effluent treatment plants. Kuo and Liang [41] combine fuzzy VIKOR and GRA methods to evaluate service quality of airports. Zhang and Liu [42] propose a GRA based intuitionistic Fuzzy-MCDM method and apply it to personnel selection problem. Maniya and Bhatt [43] propose a modified GRA and AHP method for selecting automated guided vehicles for material handling. Samvedi et al. [44] combine Fuzzy-AHP and GRA methods for machine tool selection. Chen and Chen [45] propose and integrate DEMATEL, Fuzzy-AHP and GRA. Palanikumar et al. [46] use GRA for optimizing the drilling parameters of composite materials.
The Methods Used in the Proposed Methodology
In this section, the Buckley extension based fuzzy-AHP algorithm and linear normalization based fuzzy-GRA method are presented.
Buckley Extension Based Fuzzy-AHP Algorithm
In order to deal with the uncertainty and vagueness from the subjective perception and the experience of humans in the decision-making process, decision-makers usually come across with the fact that it is more secure to give interval judgments than fixed-value judgments. This is mainly due to the fact that he/she is unable to explicit about his/her preferences due to the fuzzy nature of the comparison process [47] [48] [49] [50] [51] [52] [53] [54] [55] .
We utilise Buckley's Fuzzy-AHP algorithm to determine criteria weights since it is easy to extend to the fuzzy case and guarantees a unique solution to the reciprocal comparison matrix and the steps of this approach are relatively easier than the other Fuzzy-AHP approaches. The steps used for the Buckley's Fuzzy-AHP algorithm can be summarized as follows [51] :
Step 1. Construct pairwise comparison matrices among all the criteria in the hierarchical structure. Assign linguistic terms shown in Equation (1) , to the pairwise comparisons by asking which is the more important of each two criteria, such as:
where: 
Step 2. Examine the consistency of fuzzy pairwise comparison matrices.
Step 3. Use geometric mean technique to define the fuzzy geometric mean as follows:
where in a  is fuzzy comparison value of criterion i to criterion n , thus, is geometric mean of fuzzy comparison value of criterion i to each criterion.
Step 4. Calculate the fuzzy weights of each criterion using Equation (4):
where i w  is the fuzzy weight of the ith criterion, can be indicated by Step 5. Utilize Center of Area (COA) method to find out the Best Nonfuzzy Performance (BNP) value (crisp weights) of each criterion by the Equation (5):
According to the value of the derived BNP for each of the alternatives, the ranking of the each alternative can then proceed.
Linear Normalization Based Fuzzy GRA Method
The steps of the Fuzzy-GRA algorithm can be outlined as follows [37, 38, 41] :
Step 1. In the first step, a panel of Decision Makers (DMs) who are knowledgeable about the HES process is established. In a group that has K decision-makers (i.e., DM 1 , DM 2, ..., DM k ) are responsible for ranking (y jk ) of each criterion (i.e., C 1 ,C 2 , ..., C n ) in increasing order:
Step 2. Calculate the normalized decision matrix R. Given ( , , ) 
, , , 1,..., and 1,..., 
where j w  is the weight of the jth criterion, and
Step 7. Apply defuzzification with respect to center of area and α-cut method.
Center-of-Area Defuzzification
The center-of-area defuzzification method [56] is a way of transforming fuzzy triangular numbers into crisp numbers. This method can determine actual HES priorities and overall scores. For a convex fuzzy numberγ , a real number * x corresponding to its center of area of γ can be estimated as [Equation (14) 
α-Cut Method
The α-cut method is used in our paper to validate the methodology results and performance of the proposed solution. The α-cut method compares two fuzzy numbers A and B in terms of their α-cuts , A a a
The α-cuts can be applied to transform the total weighted performance matrices into interval performance matrices, which provide left α and right α for each alternative as follows:
And then the interval matrices are converted into crisp values. It is done by applying the λ function and λ values are ranged between 0 and 1:
Step 8. Rank the alternatives in accordance with the value of grey relational grade; the bigger the value is, the better is among the alternatives.
Numerical Application
In this section, a numerical application of the described method is presented. For the numerical application a decision making group formed. Three experts, the first one is the director of fuel cell technology and education in UNIDO-ICHET in Turkey, the second one is an academician specialised in renewable energy sources and finally the third one is also an academician specialised in MCDM, are involved in the group. The brainstorming technique is used for qualitative and quantitative group consensus. The group is led by the director of fuel cell technology and education to ensure an effective brainstorming session and the agreement of the group members. The numerical values for most of the alternatives based on each criterion are objective (except reliability), but the importance levels by comparing alternatives with each other may be subjective. By taking into account this probability, we applied expert judgments. With this method, the HES alternatives, which are determined on the basis of the group decision and literature review, are evaluated and the most appropriate one for Turkey is selected by considering several decision criteria.
The Methodology
In this study, a novel methodology integrating Fuzzy-AHP and Fuzzy-GRA approaches is proposed. In this methodology, Fuzzy-AHP is utilized in decision criteria weights evaluation and then the ranking of the alternatives are determined via Fuzzy-GRA approach. Figure 1 shows the details of the proposed methodology. First, the group members (GMs) are asked to compare the criteria considering the effects on selecting the best storage method and the effects on the other criteria in the Fuzzy-AHP phase. In this process, we consider a linguistic scale for relative importance that is shown in Equations (1,2) . In the Fuzzy-GRA phase, the GMs are asked to evaluate alternatives considering each criterion. The linguistic scale and corresponding triangular fuzzy numbers are illustrated in Table 1 . 
The Evaluation Procedure
During the evaluation procedure, first the criteria hierarchy is structured. Then the combined Fuzzy-AHP and Fuzzy-GRA methodology computations and results are presented. Finally, the final decision is discussed numerically by using grey relational coefficient.
Determination of Criteria and Alternatives
In this study, five criteria are used for HES method selection. The group decision is taken into account while determining these criteria and their hierarchy. The hierarchical structure of the proposed methodology is shown in Figure 2 . The criteria considered here are weightlessness, capacity, storage loss and leak, reliability and total system cost. The alternatives are consisting of tank (A1), metal hydride (A2) and chemical (A3) storage for Turkey case. And the criteria are determined as weightlessness (C1), capacity (C2), storage loss and leak (C3), reliability (C4), total system cost (C5). The criteria are non-beneficial except C2 and C4. Then criteria influencing the HES are gathered through extensive literature review and decision of GMs. Table 2 summarizes the factors derived from the related literature. The respective terms for describing the importance of material with respect to criteria assessed by GMs are shown in Table 3 . Table 3 . Importance of storage alternatives with respect to criteria assessed by decision makers.
Decision Makers Alternatives
The aggregated matrix for storage ratings are calculated by using Equation (6) and it is shown in Table 4 . Higher values, that we call positive criteria or beneficial attributes, are desirable and smaller values are named negative criteria or cost criteria. In this normalization method, the cost criterion (C) divided by the minimum value and the benefit criterion (B) is divided by the maximum value of the decision matrix by using Equations (7-9) and the normalized values are shown in Table 5 . The distance of each candidate from the reference series is calculated by using Equations (10) (11) (12) . The results are shown in Table 6 . Table 6 . The references series and the distance matrix. The Fuzzy Grey Relational Coefficient (FGRC) is calculated by applying Equation (12) and it is shown in Table 7 . Here, we use the resolving coefficient ζ = 0,5 to calculate the FGRC. The fuzzy relational grade is calculated [Equation (13)] with respect to the criteria weights, which are obtained by Fuzzy-AHP [Equations (3) (4) (5) ], and is shown in Table 8 . Also, the consistency ratio (CR) of criteria pairwise comparison matrix is computed to show the consistency of the experts. The CR value for the defuzzified version of the aggregated fuzzy evaluation matrix is computed as 0.03 and it is less than 0.10. The results show that the decision matrix of the proposed hierarchical structure is consistent: 5 Here we use each resolving coefficient value to demonstrate that each of them does not affect the results. First, it is assumed that resolving coefficient value ζ = 0.5, then the grey relational grade is obtained by COA as 0.9136 > 0.8796 > 0.4911. Similarly, the grey relational grade is obtained by α-cuts as 0.9154 > 0.8812 > 0.4938. According to results of COA and α-cuts, the ranking order of the three HES is A2 > A3 > A1. The most appropriate HES method for Turkey is metal hydride.
Numerical Example Results and Discussion
First, the concepts of sensitivity analysis are used to verify that the proposed method has rationality and stability, when the conditions of resolving coefficient value and defuzzification methods do not affect the results. This study uses each resolving coefficient value to demonstrate that each of them does not affect the results.
These and the previous results are the same, as shown in Figure 3 . The resolving coefficient values on the x axis and the defuzzified results of the proposed methodology on the y axis are given. x* (COA) and C ʎ (α-cut) method results are shown in the figure, separately. The resolving coefficient values are used to examine the proposed approach between ζ = 0.1 and ζ = 1. The results show that the variation of the x* and C ʎ values of each alternative by using various resolving coefficient values, and also that the ranking orders of the three alternatives are the same, despite changing from a resolving coefficient value of ζ = 0.1 to ζ = 1. Therefore, this paper can confirm that the results of the ranking orders of all alternatives by using the proposed approach are reliable. Then, this study highlights that various resolving coefficient values do not affect the results of ranking order of the three HESs and it is shown in Table 9 and Figure 3 . Table 9 . The values x* and C λ based on each grey relational coefficient (ζ ). 
Conclusions
This work is aimed to select the most appropriate HES in Turkey among the alternatives of tank, metal hydride and chemical storage. This is determined based on decision-making group judgment and literature review. Thus, it is proposed to utilize a Buckley extension based Fuzzy-AHP and linear normalization based Fuzzy-GRA combined MCDM methodology.
The contributions of the paper to the literature are as follows: (1) It presents a combined approach that can be applied to complex decision processes, which often make sense with subjective data or vague information; (2) Different defuzzification methods such as COA and α-cut are used to solve the HES selection problem at the tactical level; (3) The proposed approach is unique both in the HES literature and the MCDM literature.
As a future suggestion, the hydrogen transportation method selection problem can be analyzed by taking into account the storage method selection problem. Furthermore, different hierarchical and detailed criteria consisting social, political, environmental and market criteria can be incorporated into the study. The proposed model has potential to help with much more complex problems which may or may not have many more hierarchical levels. Finally, a similar problem can be modeled by considering the conditions in different countries outside Turkey.
